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Abstract  
This paper presents a method to maintain the output voltage constant under variable load resistance for ICPT power 
pick-ups. A phase-controlled variable inductor is dynamically swithched to detune/tune the resosant circuit according 
to the load resistance of the power pickup. Variations of the open circuit voltage and degraded resonance capacitor 
caused by high temperature are compensated by controlling the conduction delay angle of the phase-controlled 
inductor with deliberately designed resonant circuit parameters. The effect of equivalent inductance of the variable 
inductor on the power flow is analyzed theoretically with fundamental component ac analysis. Simulation results 
show that with the proposed method, a significant improvement is achieved in regulating transferred power of 
variable ratings. 
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1.Introduction 
 Inductively coupled power transfer (ICPT) systems transmit power efficiently from a stationary 
primary source to one or more secondary pick-ups over relatively large air gaps via electromagnetic 
induction. ICPT systems have many virtues such as no sparking, maintenance free or less maintenance, 
dustproof and waterproof, and it can be used in contactless battery charge for electric vehicles[1], 
material handing systems[2], robot manipulator applications[3], compact electronic device, etc. A basic 
ICPT system consists of three main components: a power supply, a loosely coupled transformer and a 
power pickup. The power pickup utilises the magnetic field created by the primary current, to couple 
power from the primary coil to its own coil[4]. 
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For an actual ICPT application, the load may vary over a wide range, and sometimes needs to be 
poweroff[5]. The power flow of the contactless ICPT system needs to be controlled accurately to meet 
the load needs. A controller is engaged to control the output voltage constant and regulate the transferred 
power. For a single load ICPT system, the control may be done at the primary side[6], which increased 
the system complexity and the system cost[7]. For multiple loads ICPT system, the primary coil current 
and system operation frequency are often constant, the control has to be applied at the secondary power 
pickup unit[8]. The most common used control techniques for power pickups is a switch mode controller 
using a short power switch at each power pickup circuit to control the power flow and output voltage [9-
11].  
Switch mode controller circuit works fine at rated load level,  however, at light load or no-load condition, 
the majority of short circuit current is follow through the short power switch, that caused significant 
conduction and switching power losses.  
In this paper, a dynamic control method is proposed to regulate transferred power to ICPT power 
pickups. According to the actual power requirement of power pickup, a phase-controlled variable 
inductor is dynamically switched to detune the resonant circuit of the power pickup by changing the 
equivalent inductance of the detuned inductor, so as to controll output voltag to be constant. With 
deliberately designed circuit parameters, variations of the open circuit voltage and degraded resonance 
capacitor caused by high temperature are compensated by controlling the conduction delay angle of the 
phase-controlled inductor with deliberately designed resonant circuit parameters. 
2. Power flow control architecture 
2.1. Switch mode power flow controller 
A typical ICPT system combines a loosely coupled primary and secondary. The primary consists of 
a power supply that produces an essentially constant sinusoidal current Ip in an extended primary coil 
with inductance Lp. Fig.1 shows a typical circuit of ICPT power pickup[12], Voc is the voltage source 
induced from the primary current via the mutal inductance M between the primary winding and the 
secondary pickup winding, the secondary coil is parallel tuned with a capacitor Cs, and the transferred 
power is controlled by a switch mode controller, which is composed of a smoothing reactor L3, a short 
power switch S3 and a diode D3. When the power switch S3 is switch on, the short circuit current flows 
through S3 entirely and the output voltage is sustained by capacitor C3, when S3 is switch off, the induced 
power is supplying to load and charging C3 simultaneously. For a variable load, the duty cycle of S3 is 
changed to keep the output voltage constant according to actual power requirement of the load.  
In Fig.1, let Uo represent the output voltage across to the load RL, let k represent the boost factor 
between the output voltage Uo and the open circuit voltage Voc, that is,       
o
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Fig.1  Switch mode controller for ICPT power pickup     
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Then the transferred power to the load can be derived: 
2 2 2
o oc
o
L L
U k VP
R R
= =                                                                  (2) 
oc pV j MIω=                                                                     (3) 
Let Isc represents the short circuit current of the power pickup: 
   ocsc
s
VI
j Lω=                                                                    (4) 
Then, 
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=                                                                   (5) 
Where Qs is the quality factor of the power pickup, 
ac
s
s
R
Q
Lω=                                                                      (6) 
Rac is the equivalent resistance in loading the resonant circuit of the power pickup, for a parallel 
compensated secondary coil, the power pickup resembles a current source[13], consequently, Rac can be 
derived[14]: 
2
8
acR Rπ=                                                                      (7) 
The maximum power transferred to the power pickup Pmax can be derived[11]: 
max s oc scP Q V I=                                                                  (8) 
     Therefore, from equation(5)and(8),  the voltage boost factor k: 
sk Q≤  
As can be seen in Fig.1, the power switch S3 is switched at hard-switching, which caused great 
switching power losses in switch mode controller. 
On light load or no-load condition, the major or all of induced current Isc flows through power 
switch S3, which caused large power losses in the secondary rectifier circuit and smoothing reactor L3 
and short switch S3. Therefore, the switch mode controller circuit is simple and easy to implement, it is 
only suit for these ICPT systems with little load fluctuating around the rated load level.  
2.2.Dynamic detuned power flow control configuration  
Fig.2 shows the proposed dynamic detuning power flow control circuit for ICPT power pickup. As 
is shown, the pickup coil inductance Ls is parallel compensated with a capacitor Cs, which is deliberately 
selected to fully resonant with the pickup coil inductance Ls at the system operation f0. That is, 
0
1
s sL C
ω =                                                                    (9) 
where ω0 is the angle frequency of the primary current Ip. 
A phase-controlled inductor Lt is dynamically switched with two power switch S1 and S2 to detune 
the pickup’s resonant circuit by changing the equivalent inductance of Lt according to the actual power 
requirement of the load R. For many ICPT systems, the primary winding current Ip and the system 
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operation frequency f0 are controlled to be constant. The induced voltage Voc is determined by the mutal 
inductance M between the primary and the secondary coils.   
While the load resistance changes, the fluctuations of the output voltage Uo can be detected. To 
offset the fluctuation of Uo, the detuning indutor Lt is dynamically switched to maintain the output 
voltage Uo stable, thereby the transferred power is regulated according to the variable of load resistance, 
2 2 2
o oc
o
U k VP
R R
= =                                                           (10) 
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Fig.2  Dynamic detuning power flow control circuit for ICPT power pickup 
3.Analysis of power flow against detuning inductance 
As is shown in Fig.2, the detuned circuit consists of a phase-controlled inductor Lt, two power 
switches S1 and S2 and two series diodes. Switching devices S1 and S2, from Fig.2, are operated with a 
turn on delay angle α in their respective half cycles. The delay angle α, measured with respect to the peak 
value Um of the voltage across the resonant capacitor Cs. Series diodes are used to prevent the reverse 
current flow through the power switches.  
Then switch S1 may control the first current pulse of ILt for α from zero to π/2 and switch S2 for α 
fromπ to 3π/2. If the pickup is operated with the minimum α, the continuous conduction of Lt is 
achieved, if the pickup is operated with the maximum α, there is no current flows through Lt and the 
equivalent inductance is infinity. The fundamental component of the detuning inductor current can be 
determined from the non-zero current regions comprising α  to (π−α), and (π+α) to (2π−α), with 
fundamental component ac analysis, the dynamically switched variable inductor Lt can be represented by 
a equivalent inductor Lv [4], 
2 sin 2v t
L L
π
π α α= − −                                                            (11) 
To simplify the analysis, let Rac represent the equivalent resistance in loading the resonant circuit, 
as above analyzed , the variable inductor Lt is equivalented with inductance Lv. Therefore Fig.3 is derived 
out with norton transformation[11], where Isc is the short current flow through inductor Ls. 
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Fig.3 equivalent circuit of power pickup 
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As is shown in Fig.3, for capacitor Cs is fully tuned with the inductor Ls, the current flow through 
inductor Ls and the current flow through capacitor Cs cancelled each other. The following equation is 
abtained:  
sc Lv acI I I= +                                                                    (13) 
Define acU :     
0ac acU U= ∠  
Therefore, the current relation of the power pickup is shown in Fig.4, Isc, Iac and ILv represent the rms 
value of scI , acI and LvI , respectively. Where: 
arctan ac
v
R
L
θ ω=    ( 0 θ π≤ ≤ )                                                (14) 
As can be seen in Fig.4, when θ is increased from zero toπ/2, Iac is decreased from Isc to zero while ILv is 
increased from zero to Isc. 
 
Fig.4 Current relation of the power pickup 
The output voltage across the load Rac: 
ac ac ac Lv vU I R I Lω= =                                                          (15) 
As is shown in Fig.4,  
cosac scI I θ=    (0 / 2)θ π≤ ≤                                                  (16) 
sinLv scI I θ=    (0 / 2)θ π≤ ≤                                                  (17) 
2
2 2 2 2
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R L Lω ω= + =                                           (18) 
Putting equation (14) and (17) into equation(15) results in: 
  
sin(arctan )
sin(arctan )
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ac sc v
v
v ac
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U I L
L
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ωω
ω=
=
                                                (19) 
As can be seen in equation (19), Uac is a function of Lv and Rac, therefore, Uac can be controlled 
constant while Rac changes by shifting delay angle α, however, if Voc fluctuates around the rating value, 
Uac can maintain stable, too.  
4. Parameters optimization 
For a ICPT system, the secondary compensation capacitor may drop because of high 
temperature[15], as a result, the maximum transferred power is decreased. To compensate the drop of the 
sencondary comensation capacitor, the resonant circuit parameter is optimized, as is shown in Fig.5.   
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 As is shown in Fig.5(a), the compensation capacitor Cs is divided into Cs1 and Cs2 connected in 
parallel. On normal operation mode, Cs1 is fully resonance with Ls at rating operating frequency, and the 
inductor Lt is dynamically switched to controll output voltage constant, as Fig.5(b) shows. While the 
compensation capacitor Cs decreased for high temperature, the capacitor Cs2 may compensate the drop, 
the short circuit current will flow through the load resistance entirely, and the maximum transferred 
power is guaranteed. The value of Cs2 is determined according to the drop grade of the actual ICPT 
system, a value of 10% Cs1 is recommended. 
acU
acR
sL 1sC
vL
2sC
       
(a) equivalent circuit of parameter optimization   (b) current relationships 
Fig.5 equivalent circuit and it’s current relationships 
5.Simulation results and discussion 
A contactless material transportation system is designed and simulated with a PSpice package. The 
system parameters are given in Table I. The secondary pickup coil is compensated with a capacitor Cs 
connected in parallel, as Fig.2 shows, the detuning inductor Lt is dynamically switched to regulate the 
transferred power. Simulations are carried out at rated maximum power transferred condition and at light 
load level, respectively. Fig.6 and Fig.8 show waveforms of the current flow through and the voltage 
across the detuning inductor and the gate-driving signal at rated load and at light load conditions, 
respectively. Fig.7 and Fig.9 show waveforms of the output voltage at rated load and at light load 
conditions, respectively.  
As can be seen, when the load resistance is invariable, the output voltage and current waveforms are 
smooth with little perturbation. For different load levels, the output voltage can be maintained stable by 
shifting the induction angle of the delay angle of the detunned inductor. It can also be seen in Fig.6(a) 
and Fig.8(a), when the power switches are switched on, the inductor current ILt increased gradually, 
thereby, zero current switching turn-on and turn-off are achieved and switching losses are reduced 
significantly. 
 
Table I. Parameters of the contactless material transportation system 
nominal frequency 25KHz 
rated power 5KW 
rated load 7.65Ω 
mutal inductance 11.48uH 
secondary inductance 24.35uH 
secondary capacitance 1.73uF 
detuning inductance 48.74uH 
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Fig.6 Detuning inductor current and voltage and gate-driving signal waveforms at rated load 
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Fig.7 output voltage at rated load 
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Fig.8 Detuning inductor current and voltage and gate-driving signal waveforms at light load 
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Fig.9 output voltage at light load 
6. Conclusion 
The commonly-used switch-mode controller for ICPT power pickups caused poor transfer 
efficiency, particularly at light load condition. presents a method to maintain the output voltage constant 
under variable load resistance for ICPT power pick-ups. This has been achieved by introducing a phase-
controlled inductor parallel connected with the resonant circuit. The pickup is detuned dynamically to 
match a wide range of load level by shifting the delay angle of the variable inductor. Constant output 
voltage for power pickups can be controlled under different transferred power ratings or wide range of 
load variations regardless the pertubation of induced open circuit voltage and degraded resonance 
capacitance. Simulation results have verified the above mentioned regulating performance.  
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